Accurate MP2 and CCSD͑T͒ complete basis set ͑CBS͒ interaction energy curves ͑14 points for each curve͒ have been obtained for 20 of the dimers reported in the S22 set and analytical Morse curves have been fitted that can be used in developing updated density functional theory ͑DFT͒ and force field models. The magnitude and the effect of the basis set superposition error ͑BSSE͒ were carefully investigated. We found that going up to aug-cc-pVDZ and aug-cc-pVTZ basis sets is enough to obtain accurate CBS MP2 energies when BSSE corrected values are used but aug-cc-pVTZ and aug-cc-pVQZ basis sets are needed when the BSSE uncorrected total energies are used in CBS extrapolations. MP2 interaction energies with smaller basis sets such as 6-31G
I. INTRODUCTION
Obtaining accurate intermolecular interactions between small molecule inhibitors and binding sites in proteins is one of the keys for success in structure-based drug design. 1 The so-called "docking" process involving the search for the minimum of the interaction energy with respect to geometric parameters between a protein binding site and small molecule inhibitors is one of the most frequently used techniques in small molecule screening. 2 The overwhelming majority of these techniques use variations in molecular mechanics ͑MM͒ based scoring together with other empirical and statistical approaches due to the need for high computational efficiency. 3 On the other hand, with constantly improving computational capabilities coupled with advances in algorithm and program development over the last 10-15 yr, quantum mechanically based and combined quantum mechanical-molecular mechanical based 4 applications are getting more and more feasible.
In the ab initio field, density functional theory ͑DFT͒ based methods continue to make significant gains because of their ability to provide reasonable approximations for electron correlation coupled with better computational efficiency 5 than traditional electron correlation methods such as MP2 and CCSD͑T͒. In practice, DFT based computations can be significantly faster than Hartree-Fock ͑HF͒ calculations for large systems when the given DFT functional does not require the evaluation of exact exchange. The most time consuming part of these so-called local DFT calculations is usually the evaluation of the Coulomb matrix elements. Modern multipole moment based techniques, 6 the J-matrix engine technique, 7 and the Fourier transform Coulomb ͑FTC͒ method 8 can significantly speed up this computational step. The latter one is especially efficient when larger basis sets and/or diffuse basis functions are used; for instance, Baker et al. 9 recently reported an approximately 100-fold speedup for parallel Coulomb energy force calculations based on the FTC technique. Since ab initio and especially DFT based calculations are getting more and more affordable for biological applications more attention has to be paid to how much gain in accuracy can be obtained by using ab initio methods relative to force field or semiempirical based techniques. One of the goals of this article is to compute intermolecular interactions using MP2, HF, and various DFT methods with basis sets that are affordable for biological applications and then to compare these techniques to semiempirical and force field techniques. In DFT, among the countless number of functional choices we have, we have chosen the widely used and cited B3LYP functional 10 and two promising new functionals from the M06 family. 11 The latter ones are designed to provide accurate estimates for dispersion interactions that are of interest in the DFT field due to their importance in biological applications.
dimers, 14 geometric points along the line of the center of masses of the monomers have been constructed in order to obtain more than one interaction energy value for each dimer. Energy curves provide additional information about the current methods and they are very useful for future functional and force field development as well. For the benzene-H 2 O dimer, for instance, the CCSD͑T͒ interaction energies extrapolated to the complete basis set ͑CBS͒ limit at the equilibrium geometry are about 3.28 kcal/mol. The interaction energy of a MM based calculation using the generalized AMBER force field ͑GAFF͒ 15 and bond charge correction model ͑BCC͒ charges 16 is 3.77 kcal/mol. Considering only the interaction energy at this geometric point the MM based result looks to be excellent especially when one compares it to MP2 calculations. MP2 with aug-cc-pVDZ ͑Ref. 17͒ returns a 4.67 kcal/mol interaction energy when we do not correct for the effect of basis set superposition errors ͑BSSEs͒ while the results with aug-cc-pVTZ ͑Ref. 17͒ and aug-cc-pVQZ ͑Ref. 17͒ are 4.16 and 3.78 kcal/mol, respectively. This behavior of the MM interaction energy changes, however, when we consider the shapes of the potential curves that are shown in Fig. 1 , for example.
Our results for the CCSD͑T͒ CBS interaction energy curves for 20 dimers similar to the already available values at the equilibrium geometries 14 will serve as a useful tool for future development of efficient functionals and force field BSSE differences between CCSD͑T͒ and MP2 energies computed at the equilibrium geometry using aug-cc-pVDZ basis set. 
͑1͒
was used to obtain the CBS extrapolated values of the MP2 correlation energies ͑E CBS ͒ from two separate energy calculations using a smaller and a larger basis set. The variable x 
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Analysis of intermolecular interactions J. Chem. Phys. 131, 065102 ͑2009͒ in Eq. ͑1͒ represents the largest angular momentum of the given basis set, i.e., x = 2 for aug-cc-pVDZ, x = 3 for aug-ccpVTZ, and x = 4 for aug-cc-pVQZ. The HF energies were not extrapolated and were simply taken from the results of the largest basis set calculation used in the given extrapolation scheme. The CBS correlation energies for CCSD͑T͒ were obtained using
which is based on the observation that the difference between the MP2 and CCSD͑T͒ correlation energies converges faster in basis set size than the correlation energies themselves.
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III. RESULTS AND DISCUSSIONS
The BSSE corrected and uncorrected energy curves for both MP2 and CCSD͑T͒ are plotted in Fig. 2 and the numerical values at the equilibrium points are tabulated in Table I . Clearly, the amount of BSSE is very significant especially for nonhydrogen bonding interactions and for both the MP2 and CCSD͑T͒ methods using the aug-cc-pVDZ basis set. The BSSE drops when the larger aug-cc-pVTZ is used but still remains far from negligible and is larger than our target accuracy, which is at most a few tenths of a kcal/mol. Thus, extrapolation to the CBS limit is essential in order to study the computational accuracy and we discuss this topic in more detail later in this section. It is very important to recognize that at least at the aug-cc-pVDZ level, the CCSD͑T͒ and MP2 interaction energies are almost identical and the differences between the two are less than our target accuracy for all dimers that do not involve aromatic rings. The differences are also much less than the BSSE error at the DZ level for either the MP2 or the CCSD͑T͒ results. To investigate how general and transferable this statement is to other systems The zero point energies are obtained from B3LYP DFT 6-31G ‫ءء‬ vibrational energies using harmonic approximation. Same as in ͑a͒ but the energies are normalized by dividing them with the dissociation energies of the CCSD͑T͒ CBS at equilibrium distance. This normalization provides the same weights for every system regardless of the strengths of the interactions while ͑a͒ is bias toward the stronger interactions.
certainly requires further investigation but the picture is very clear for the dimers of the S22 set. Indeed, this information is very useful in practical applications for larger systems that have biological or drug design relevance. It is very rare that one can correct for BSSE in these applications and, if it is possible, the increase in computational costs makes this an impractical solution. Indeed, if aromatic rings do not play a major role in a particular system of interest then it is much more economical to expend computational effort carrying out MP2 calculations with larger basis set where the BSSE is reduced or can be eliminated via extrapolation versus carrying out smaller basis CCSD͑T͒ calculations. This point is best illustrated by an example. We have completed a project to create the best possible conforma- tional profiles for glycine 3 and alanine 3 using high-level electron correlation methods in order to refine biomolecular force fields. In this instance, it is impractical to estimate the BSSE for these intramolecular interactions. Based on the observations delineated above it was deemed best to perform MP2 calculations with large basis sets and then perform extrapolations for the correlation energy, thereby avoiding extremely costly CCSD͑T͒ calculations. Unfortunately, things are not so simple for aromatic compounds or for cases involving interactions between aromatic compounds. In these instances CCSD͑T͒ calculations appear to be unavoidable. Our results for a more detailed quality analysis of the CBS extrapolation are tabulated in Table II . We performed this analysis only for the 11 smaller dimers which included at most one benzene ring. There were four CBS extrapolations performed, two used the total energies without any BSSE correction and two used the BSSE corrected interaction energies for the extrapolations. One extrapolation used aug-ccpVDZ and aug-cc-pVTZ while the other used aug-cc-pVTZ and aug-cc-pVQZ energies in both cases. By definition, there should be no BSSE at the CBS limit. Thus if our extrapolation is accurate and our extrapolated interaction energies truly reflect the complete basis MP2 limit then the interaction energies obtained using the total energies without any BSSE corrections should be similar to those obtained using BSSE corrected relative energies. The importance of this analysis is that one can usually perform only the former one in practical applications. On the other hand the formula for CBS extrapolations is based on the convergence behavior of the physical correlation energies and it is not clear how it is applicable to BSSE.
The CBS extrapolated interaction energies using BSSE corrected interaction energies ͑third and sixth columns in Table II͒ are very close to each other in all cases. The largest difference ͑0.15 kcal/mol͒ is for the formic acid dimer while the remaining examples have smaller differences. Thus the CBS extrapolations for the physical interaction part of the correlation energy appear accurate even when aug-cc-pVDZ and aug-cc-pVTZ basis sets are used. On the other hand, the extrapolated interaction energies using the total energies still contain some errors due to BSSE contaminations, which are not eliminated completely upon extrapolation. This error can be greatly reduced most of the time through the use of augcc-pVTZ and aug-cc-pVQZ uncorrected energies except for very strong hydrogen bonding systems where the bond distances are relatively short. Based on this analysis we recommend the use of at least triple and quadruple zeta quality basis sets in applications where the main objective is to obtain accurate CBS MP2 energies and where BSSE correction is not possible or not an attractive option. If one uses a Pople-type basis, or perhaps especially designed basis sets, we recommend that test calculations be performed in order to obtain accuracy estimates for that particular basis set. Our geometries and energy curves may offer some practical help to do such test calculations. Figure 3 shows the BSSE corrected interaction energy curves together with the MP2 and CCSD͑T͒ CBS curves for some selected systems and similar figures for all dimers are included in the supplementary material. 18 We need to highlight, however, that MP2 calculations with higher quality basis sets such as aug-cc-pVTZ are computationally very expensive for medium and large systems that have biological relevance even if fragment based or linear-scaling based approximations 27 are used. The computational cost of a MP2 calculation ͑on a modern 2.4 GHz OPTERON processor͒ for a small benzene dimer is about 2.5 min when a relatively small 6-31G ‫ء‬ basis set is used but it increases to about an hour using the aug-cc-pVDZ basis set and to over 300 h using the aug-cc-pVTZ basis set ͑direct MP2 calculations with QCHEM 3.0͒. Importantly, the size of the aug-cc-pVDZ and aug-cc-pVTZ basis sets is still not enough to eliminate all of the BSSE error by extrapolation.
It is widely appreciated that MP2 is the most affordable choice among traditional electron correlation methods that are able to capture dispersion interactions, but it is sometimes forgotten that this important feature strongly depends on the quality of the basis set used in the actual calculations. Table III and Fig. 4 show our results for interaction energies using the 6-31G ‫ء‬ basis set with MP2 calculations. This level of theory is very affordable for application to much larger systems especially if fragment based linear-scaling techniques combined with localization and/or density fitting approximations are used. It is clear from the results of the methane, ethane, and benzene-methane dimers that MP2 with the 6-31G
‫ء‬ basis captures very little or no contribution from true dispersion interactions. The negative numbers in Table III show that there is no attractive dispersion interaction between the monomers at published equilibrium geometries. The BSSE corrected interaction curve has a very shallow minimum at longer separations of the monomers when compared to our best estimate of the true potential energy curves. Those interested in MP2 computations for macromolecules should pay close attention to the choice of basis set to ensure that dispersion is correctly modeled and is not replaced by nonphysical BSSE. Unfortunately, there is no reason to believe that the BSSE even approximates true dispersion energy curves.
Given that we have 14 CCSD͑T͒ CBS interaction energies along our approximate interaction coordinate we can fit the analytical Morse curves for all 20 dimers. The parameters for the Morse curves together with the standard deviation of the fitting are listed in Table IV and the fitted curves are shown in Fig. 5 for some selected dimers. Having analytical curves can be useful in practice since one can create any number of points along the interaction coordinate which can aid in parameter fitting of simple potentials, for example.
The sixth column in Table IV shows the zero point energy differences obtained using B3LYP harmonic frequencies with the 6-31G ‫ءء‬ basis set. Zero point energy differences obtained using MP2 are published as supplementary material. 18 This energy is coming from the nonclassical quantum nature of the vibrations and it can be an important contributor to the interaction enthalpy. For instance, if the aim is to develop new and more accurate scoring functions for enzyme-ligand docking applications, then the high computational efficiency requirements make dealing with the vibrational frequencies directly a less satisfactory approach. On the other hand, one can obtain new interaction energy curves through a consideration of our fitted CCSD͑T͒ CBS Morse curves and deduct zero point energies from Morse parameters of the dissociation energies. The resulting effective Morse curve will implicitly include zero point energy corrections and new scoring function parameters for docking applications can be fitted against these modified curves. This is an approximate solution since the vibrations are coupled and strongly depend on atomic masses as well as the potential curves and certainly need further study, but perhaps it is a good starting point for developing a useful approximate approach instead of completely neglecting zero point energy contributions to the interaction enthalpy.
Table V presents the comparative results of several different and widely used methods demonstrating their relative abilities to describe intermolecular interactions. Six geometric points around the published minimum ͑the minimum point, two at shorter and three at longer distances͒ were used to evaluate the standard deviations versus CCSD͑T͒ CBS values. The methods are ordered based on their approximate computational expense for macromolecules from the top to the bottom. The most expensive among those methods is MP2 and the least expensive ab initio method is DFT calculations using the M06-L functional that only uses functional exchange. The overall accuracy of MP2 interaction energy curves with the 6-31G ‫ء‬ basis set is very disappointing. It is just a bit better than very fast molecular mechanical calculations. In addition, most of the dispersion interaction is coming from nonphysical BSSE as discussed previously. The 
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overall performance of MP2 with a larger aug-cc-pVDZ basis set is poorer because most of the interactions are overestimated due to the large BSSE still present with this basis set. HF and B3LYP perform decently for H bonds but, as is widely known, dispersion interactions are not modeled at these levels of theory. Adding empirical Lennard-Jones attractive terms to HF without changing the BCC force field parameters improves the accuracy for the dispersion interactions but unfortunately negatively affects the accuracy for hydrogen bonded systems. The overall performance increases due to this correction but it is still a bit less accurate than the results from the MM calculations. Figure 6 shows these curves for some selected dimers. The accuracy of semiempirical methods, not unexpectedly, is poor for all interaction types, with Fig. 7 presenting some representative examples. The accuracy of DFT calculations using the M06 family of functionals outperforms all methods in our comparison and the M06-L functional is particularly attractive since it can be implemented very efficiently due to its local nature. Among the methods that were included in this comparison, this is the only quantum mechanical based method that clearly outperforms the molecular mechanical results for intermolecular interactions and for which the extra computational expense can be justified in biological or drug design applications. Similarly accurate results have been published recently using other dispersion corrected DFT functionals. ‫ء‬ basis set overestimates the interaction energies at equilibrium distances and if the BSSE error is corrected then the results improve for all our dimers. Table VI shows our comparison of the dissociation energies and the BSSE for MP2, local-MP2, and DFT M06-L methods using the 6-31G ‫ء‬ basis set. Local MP2 and its derivative techniques are another alternative to canonical MP2 calculations since its BSSE is less and it converges to the CBS limit faster than canonical MP2. 28 Through the use of a relatively small and computationally efficient basis set such as 6-31G ‫ء‬ , however, the BSSE in local-MP2 is still significant and the physical interactions after BSSE correction ͑sum of the fourth and fifth columns in Table VI͒ are similarly inaccurate and even worse than in the canonical MP2 cases. The local-MP2 based approach may be the method of choice when one can afford a significantly larger basis set where the BSSE free interaction energies are adequately described while the interactions are overestimated due to BSSE in the corresponding canonical MP2 calculations. For the DFT calculations one important technical aspect should be noted. The efficient and popular SG1 numerical grid 29 caused discontinuities on the energy curves for several systems. This cannot be recognized from individual energy calculations since they all converged and terminated normally. These discontinuities diminish through the use of larger numerical grids where the realistic performance of the M06-L functional is shown.
Based on a consideration of both the computational expense and accuracy of the MP2 method, one must conclude that this method is not the method of choice for intermolecular interactions even when fragment or linear-scaling based approximations increase the computational performance. The M06 functional family or other explicit dispersion corrected local DFT methods seem to be much better choices in this regard. On the other hand, a lot of credit should be given to developers of electron correlation methods over the last few decades since obtaining the "right" results using large basis MP2 and coupled-cluster methods is a key and a vital ingredient for the future development of DFT and force field methodologies.
